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System of systemsAbstract In order to obtain optimized ﬂight vehicle concepts which meet system of systems (SoS)
operation requirements, designers have to pay high attention to the impact of SoS at conceptual
design stage since operation environment goes increasingly complex. Based on this tendency, per-
spectives and progresses of SoS oriented ﬂight vehicle conceptual design, which is abbreviate as
SoSed design, are reviewed in this paper. Such basic concepts of SoS as deﬁnition, characteristics,
differences between systems engineering and SoS engineering, as well as SoSed design process are
introduced, then SoS engineering process model for research and development of ﬂight vehicles
and SoSed design wheel model for conceptual design are proposed. Related literature is classiﬁed
and analyzed in accordance with four major elements including requirements, design concept,
design analysis, and trade studies and optimization: typical SoS architectures, description and quan-
tization of indexes are introduced; Application of inverse design in designing concept is analyzed;
Modeling and simulation (M&S)-based methods and their applications in SoSed effectiveness eval-
uation are highlighted; According to SoSed trade studies and optimization related research, the
importance of such points as decision-making and using multidisciplinary design optimization
for reference are emphasized. Finally, the value of SoSed design is concluded, and ﬁve directions
which are worthy of attention in this ﬁeld are presented.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The development of modern high-performance ﬂight vehicles,
including military aircraft, civil transport aircraft, helicopters
and etc., is an extremely complex, lengthy and costly process.
It makes ﬂight vehicle conceptual designers face many chal-
lenges, since conceptual design always plays a vital role in
development. In fact, conceptual designers’ tasks have far
beyond the deﬁnition of ‘‘design’’ proposed in Raymer’s clas-
sical conceptual design book,1 i.e., ‘‘creating the geometric
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lenges which conceptual designers have to handle is ensuring
their design concepts meet more and more requirements in
the context of system of systems (or System-of-systems,
SoS),2,3 such as a net-centric operation scenario4 to military
aircraft and a network described in next generation air trans-
portation system (NextGen)5 to airliners. This kind of design
activity is denoted as ‘‘system of systems oriented ﬂight vehicle
conceptual design’’ by the authors, and ‘‘SoSed design’’ is used
as abbreviation.
A distinct trait between SoSed design and traditional con-
ceptual design lies in the transition from emphasizing measure
of performance (MoP) to measure of effectiveness (MoE) and
capability.6 MoP is used to evaluate how well a system per-
forms a task, but it is not sufﬁcient when operational context
is taken into account. For example, ﬂight 1000 km at
10000 m is a statement of a ﬁghter aircraft’s performance,
but the same aircraft has different effectiveness at completing
a mission if the 1000 km distance is over water or over a hostile
area.7 As deﬁned in Ref.8, MoE is ‘‘a criterion used to assess
changes in system behavior, capability, or operational environ-
ment that is tied to measure the attainment of an end state,
achievement of an objective, or creation of an effect’’.
Although the research and applications of MoE related topics
have a quite long history, just as the creation of multidisci-
plinary design optimization (MDO) results from increasing
number and coupling of disciplines, the increasing complexity
of operation environment makes designers inevitably use SoS
prospective to extend conceptual design’s scope and use the
related new theories and methods to solve problems that did
not exist before. In short, the duty of conceptual designers
keeps the same but the world has changed.
Nowadays, SoS related research has covered both funda-
mental theories and applications in many ﬁelds, such as
policy-making, defense, air transport, medical and health man-
agement,9 etc. and research focus of different ﬁelds varies sig-
niﬁcantly. In aerospace, SoS has covered almost every category
of ﬂight vehicle, including commercial aircraft,10 manned mil-
itary aircraft,11 unmanned aero vehicle,12 missile,13 space-
craft14 and launch vehicles,15 etc. Fig. 1 gives two typical
SoS examples in aerospace community, i.e., U.S. coast guard
integrated deepwater system16 and air transportation net-
work.17 The arising SoS cases make researchers working on
each branch of ﬂight vehicles design not neglect potential
impact of SoSed design.
Although there has been some overview on SoS,18–20 it is
rare to make an summary on up to date ﬂight vehicles’
SoSed design. Since military missions and civil transportations
tend to become more and more complex, the authors believe
that SoSed design would be one of the promising hot points
to aerospace community after MDO, while the main purpose
of this paper is to show a general picture of perspectives and
progresses of SoSed design, discuss its impact and give system-
atic reference, as well as inspire further exploration in this area.
2. Basic concepts of SoS
2.1. Brief history of SoS
The initial mention of SoS in public journal can be traced to
1956, when Boulding21 imagined SoS as a ‘‘gestalt’’ intheoretical construction creating a ‘‘spectrum of theories’’
greater than the sum of its parts. In 1971, Ackoff22 considered
SoS as a ‘‘uniﬁed or integrated set’’ of systems concepts. He
proposed that ‘‘the systems approach to problems focuses on
systems taken as a whole, not on their parts taken separately’’.
In 1984, Jackson and Keys23 suggested using the ‘‘SoS
methodologies’’ as interrelationship between different
systems-based problem-solving methodologies in the ﬁeld of
operation research. It was not until 1989, with the Strategic
Defense Initiative, that we ﬁnd the ﬁrst use of the term
‘‘system-of-systems’’ to describe an engineered technology
system.24
As shown in Fig. 2, Ref.18 gives a summary of typical devel-
opment of SoS from 1990s to 2008, which shows that academic
research in SoS was much earlier than industry and govern-
ment applications. SoS was ﬁrstly introduced to military
research by Admiral W.A. Owens in 1995, and it has been
widely investigated since then. Maier25 was considered to be
one of the most inﬂuential contributors to the study of the
SoS ﬁeld and proposed for the ﬁrst time to use the character-
ization approach to distinguish ‘‘monolithic’’ systems from
SoS. In 2008, the ﬁrst two books dedicated to SoS were intro-
duced by Jamshidi9,26 and it can be expected that more work
will be available in future.
Nowadays there are some specialized research organiza-
tions on SoS, such as the Ofﬁce of the Secretary of Defense
(OSD),27 Group of Global Earth Observation,28,29 and the
International Council on Systems Engineering (INCOSE).30
There are also some typical research groups in universities,
such as the System-of-Systems Signature Area Group of
Purdue University,3 Aerospace Systems Design Laboratory
of Virginia Tech,31 National Centers for System of Systems
Engineering in Old Dominion University,32 Centre for
Autonomous Systems of Royal Institute of Technology,33
and Command Control Communication Computer
Intelligence Surveillance Reconnaissance (C4ISR)
Laboratory of National University of Defense Technology.34
Some specialized international conferences like the IEEE inter-
national conference on system of systems engineering35 have
also been launched, and some SoS related sessions are avail-
able in traditional aerospace conferences like aerospace
sciences meeting,36 AIAA/ISSMO multidisciplinary analysis
and optimization conference,37 and AIAA modeling and sim-
ulation technologies conference.38
2.2. Deﬁnitions of SoS
There was no universally accepted deﬁnition of SoS, different
researchers have given different descriptions, and the follows
list some typical ones:
Deﬁnition 1. SoS is a collection of task-oriented or dedi-
cated systems that pool their resources and capabilities
together to create a new, more complex system which offers
more functionality and performance than simply the sum of
the constituent systems.39
Deﬁnition 2. In relation to joint war-ﬁghting, SoS is con-
cerned with interoperability and synergism of command,
control, computers, communications, and information
(C4I) and intelligence, surveillance, and reconnaissance
(ISR) systems.40
Fig. 1 Typical system of system (SoS) examples in aerospace community.
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development, integration, interoperability and optimization
of systems to enhance performance in future battleﬁeld
scenarios.41
Deﬁnition 4. SoS is the large-scale concurrent and dis-
tributed systems that are comprised of complex systems.42
Deﬁnition 5. SoS is a set or arrangement of systems that
results from independent systems integrated into a larger
system that delivers unique capabilities.43
Deﬁnition 6. SoS are the large-scale integrated systems
which are heterogeneous and independently operable on
their own, but are networked together for a common goal.
The goal may be cost, performance, robustness, etc.44
In fact, it is common that some new concept appeared with-
out universal deﬁnition, but with universally accepted charac-
teristics, just as the concept of agent45 in artiﬁcial intelligent.So the key point for now is not to make a deﬁnition for SoS,
but to distinguish from its characteristics. The most widely
accepted characteristics were proposed by Maier25, which
include:
(1) Operational independence of the individual systems.
(2) Managerial independence of the individual systems.
(3) Geographical distribution of the individual systems.
(4) Emergent behavior, where the system performs func-
tions not possible by any of the individual stand-alone
systems.
(5) Evolutionary development caused by continuous inter-
operability relationships between constituent systems.
Maier also highlighted that the ﬁrst and second ones are
principal characteristics for distinguishing SoS from other
complex systems. There are other researchers who proposed
Fig. 2 Historical timeline of SoS.18
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Sage and Biemer46 added self-organization and adaptation.
Moreover, DeLanrentis proposed inter-disciplinary study,
heterogeneity of systems and networks of systems39, which is
a typical example that researchers in ﬂight vehicle design ﬁeld
making contribution to fundamental theory of SoS.
2.3. Differences between SoS engineering and system
engineering
According to Defense acquisition guidebook,47 system of sys-
tems engineering (SoSE) deals with planning, analyzing, orga-
nizing, and integrating the capabilities of a mix of existing and
new systems into an SoS capability greater than the sum of the
capabilities of the constituent parts. This description impliesTable 1 Differences between traditional systems engineering (SE) a
Feature System engineering perspective
Scope Project/product
Autonomous/well-bounded
Objective Enable fulﬁllment of requirements
Structured project process
Time frame System lifecycle
Discrete beginning and end
Organization Uniﬁed and authoritative
Development Design follows requirements
Veriﬁcation System in network context
One time, ﬁnal eventthat SoSE can be regarded as the process and SoS is the goal.
In most cases, there is no strict distinction between SoS and
SoSE. However, there are much difference between SoSE
and system engineering (SE).48 As outlined in Table 1, SoSE
goes beyond traditional SE in a number of ways.49 One per-
spective50 on an SoS is to view it as an emergent phenomenon
born from the complex interactions among independent sys-
tems and stakeholder interests, rather than a centrally designed
product. This view is the underlying perspective of traditional
SE, i.e. SE methodology typically assumes that there exists
central control of its components regarding how they function
and interact with one another. Centralized control cannot be
guaranteed for SoS constituents, because they are often
autonomous and act based on their self or stakeholder
interests.nd system of systems engineering (SoSE).49
System of systems engineering perspective
Enterprise/capability
Interdependent
Enable evolving capability
Guide integrated portfolio
Multiple, interacting system life cycles
Amorphous beginning important history and precursors
Collaborative network
Design is likely legacy-constrained
Ensemble as a whole
Continuous, iterative
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modern aerospace industry and has affected traditional ﬂight
vehicle development process. An SE process model proposed
by Price et al.51 is shown in Fig. 3. Inspired by this model
and characteristics of SoS, the authors proposed an SoSE
process model for research and development of ﬂight vehicles
(Fig. 4), which emphasizes all of the requirements explo-
ration, feasibility synthesis, system synthesis and engineering
development phases should closely interact with the SoS envi-
ronment. The term ‘Evolutional’ is used because it always
takes a long period of time to develop a modern ﬂight vehicle
and the operational environment must evolve to meet arising
changes.
3. Process of SoSed design
The classical design wheel model proposed by Raymer1 is
shown in Fig. 5. This model shows interrelation of require-
ments, design concept, design analysis, sizing & trade studies
and optimization in traditional ﬂight vehicle conceptual
design. Fig. 5 shows that design concept and sizing & trade
studies have a direct connection with requirements in design
wheel, but design analysis inﬂuences requirements through
design concept and sizing & trade studies. In SoSed design,
effectiveness analysis is an important part of design analysis,
while effectiveness analysis is closely linked to SoSed require-
ments. This means not only effectiveness analysis is carried
out according to requirements, but also requirements’Fig. 3 Systems engineering (SE) process model.51
Fig. 4 System of systems engineering (SoSE) process model.veriﬁcation and improvement is inﬂuenced by the results of
effectiveness analysis. Therefore, ‘‘SoSed design wheel’’, which
can also be regarded as reﬁning model in Fig. 4 according to
conceptual design stage, is proposed in this paper as shown
in Fig. 6. In SoSed design wheel, requirements are moved from
the edge to the center of design wheel. In this way, require-
ments can establish a direct connection with design analysis
and other elements at the same time. This also shows require-
ments, especially SoSed requirements is the central role in
SoSed design process.
Figs. 5 and 6 reﬂect the process for conceptual design, but it
is difﬁcult to ﬁnd a description of a complete and detailed
SoSed design process from prior literature. In spite of this,
based on some speciﬁc problems in design, a number of
researches have been devoted to proposing processes for
solving speciﬁc problems. For example, Talley and Mavirs52
proposed a multi-level robust design process (Fig. 7), which
contains many levels, such as operational environment and
scenario (OES) level, intermediate level A SoS, intermediate
levels B, C, etc., SoS and base level SoS. A design cycle isFig. 5 Design wheel model.1
Fig. 6 SoS oriented ﬂight vehicle conceptual design (SoSed
design) wheel.
Fig. 7 Overview of robust SoSed design process.52
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level has its own design process (Fig. 8). The core of all levels’
process is to identify, model and simulate uncertainty factors
of systems and mission circumstances in SoS. For different
SoS, the number of levels is different: there may only be
OES level and base level for simple SoS, while more than four
levels may exist for some large complex SoS.
Another valuable process proposed by Biltgen53 is
capability-based technology evaluation process for SoS
(Fig. 9). The process shows how to gradually transform macro
capability requirements into effectiveness indexes which can be
quantitatively evaluated. It applies artiﬁcial intelligence, surro-
gate model, simulation, K factor54 (a scale parameter proposed
by Mavris et al. on discipline level metrics) to research the
impact of main design parameters and new technologies, etc.
on large-scale SoS. Similar to technology evaluation process,Fig. 8 Design processSoban and Mavris55 proposed technology impact forecasting
(TIF) environmental creation and technical scenarios evalua-
tion process when he researched the quantitative assessment
of the technology impact on a given baseline system, including
the sensitivities to aircraft goals and constraints.
In Refs.52,53 the process focused on missions of a single
design object in SoS, while Frommer56 proposed process
(Fig. 10) that involves how to design new aircraft in ﬂeet
by considering the objectives and constraints on SoS level.
This process includes the project design and resource alloca-
tion at the same time. It uses concept of operations
(CONOPS) as a beginning for which the system will have
constituents designed and allocated. The CONOPS is broken
down into parameters such as range and loiter time, which
deﬁne the mission space. These parameters are then used
to size constituents throughout the design space so that sur-
rogate models of metrics like weight or cost can be created.
Probabilistic distributions of the design mission parameters
describe the likelihood of any given mission in the
CONOPS. Both civil aircraft and military aircraft have ﬂeet
resource allocation problems, especially when more and
more attention has been paid to application of unmanned
aerial vehicle (UAV) ﬂeet57, so this type of parallel process
really needs more investigation and application.
As a matter of fact, the various typical processes above are
not fully integrated with traditional conceptual design process,
but the research of a new complete process is beyond the scope
of this article. Therefore, in order to facilitate the review of the
existing SoSed design research, hereinafter the paper will be
organized in accordance with major elements contained in
‘‘SoSed design wheel’’ model, including requirements, design
concept, design analysis, trade studies and optimization. It is
important to note that sizing is not listed separately, but it will
be mentioned in design concept, trade studies and optimization
related sessions.at each SoS level.52
Fig. 9 Capability-based technology evaluation process for SoS.53
Fig. 10 A generic process for framework to set up a concurrent
design and allocation problem.56
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4.1. Architecture of SoS
Deﬁning requirements in SoSed design involves two questions
at least: one is SoS description, and the other is description and
quantitation of indexes. SoS description is also known as SoS
architecture. As mentioned in Ref.58, SoS architecture includes
the relationship between its members, members and environ-
ment, and principle of guiding members to design and evolve,
etc. Fig. 11 is a typical description of SoS architecture.
There are many ways to architect SoS and the early exam-
ple is Zachman framework59 proposed in 1987, which is a kind
of architectures with multiple views. The US Department of
Defense60 proposed Department of Defense architecture
framework (DoDAF), which is the most widely used SoS
architecture so far. DoDAF uses a series of systems or SoS
architecture views (such as operational view, system view
and technical standards view) to deﬁne system or SoS develop-
ing level. Now it has already progressed to Version 2.0. Based
on DoDAF, the United Kingdom Defense Ministry61
increased several views and proposed the Ministry of
Defense architecture framework (MoDAF). DoDAF and
MoDAF are mainly applied to analysis composition and con-
ﬁguration of SoS from comparatively macroscopical perspec-
tive in military, and it is rare to see direct application to
aircraft conceptual design.
Because of the complexity of SoS, expect for focusing on
mission itself, sometimes it is needed to comprehensively con-
sider many other stakeholders of SoS. Ayyalasomayajula62proposed an SoS architecture which is descripted from four
aspects: resources, operations, policy and economics, and this
SoS architecture uses such Greek letter as a, b, c, and d to
express different levels of various aspects (see Fig. 12). Perl
et al.63 used this architecture to analyze SoS related Mars
explorer design. Rovekamp and DeLaurentis64 took advantage
of this method to design Lunar surface system architecture;
624 H. Liu et al.Phillis and Kouikoglou65 even adopted this method in his
research on biology system.
From the perspective of ﬂight vehicle design, the tri-
hierarchical model proposed by U.S. Defense Acquisition
University (see Fig. 1353) may be probably one of the clearest
descriptions of SoS architecture. The three levels are system
of systems level, system level and subsystem level, corre-
sponding to effectiveness, performance and technical param-
eters. Systems engineering decomposition techniques deﬁne
the relevant MoPs for one or more MoEs. A similar decom-
position can be performed to identify the relevant technical
performance parameters (TPPs). This description of architec-
ture is clear and easy to use, but it is limited that MoEs only
correspond to the SoS level. Because before SoS concept was
widely applied in military ﬁeld, concept of system effective-
ness had obtained a lot of attention and research.66,67
Based on this architecture, Biltgen53 further reﬁned and
formed another description of hierarchical architecture (see
Fig. 14), which can establish more direct relationship from
the technical parameters, subsystem, system to SoS effective-
ness indexes.
4.2. Description and quantization of indexes
The nature of indexes is to answer ‘‘how can I know if we get a
satisfactory solution’’.6 Therefore, reasonable choice of effec-
tiveness indexes is the basis for accurate deﬁnition of require-
ments. In SoSed design, it usually proceeds from deﬁnition of
capability requirements to determination of the corresponding
effectiveness indexes concerning speciﬁc mission scenarioFig. 11 A typical descripti
Fig. 12 Categories and hierarchy: an uanalysis. For example, in description of typical effectiveness
indexes of long-range strategic bombers, Biltgen53 proposed
a number of effectiveness indexes for long-range strike capabil-
ity requirements: duration of conﬂict, number of strikes ﬂown,
munitions ﬁred, cost of munitions ﬁred, number of red theater
ballistics missiles (TBMs) ﬁred, number of blue units lost,
number of blue aircraft lost, number of blue long range strike
(LRS) aircraft lost, percentage of red time critical targets
(TCTs) killed, etc. This case shows diversity of indexes
description.
It is also necessary to give full consideration of uncertainty
(or random) characteristic in indexes description of SoSed
design. Frommer56 proposed a metric method on integrated
design issues of design concept and ﬂeet of aircraft concerning
uncertainty. This method uses volume under a probability den-
sity function (PDF) bounded by capability curves to describe
the probability of accomplishment (POA). In an effectiveness
indexes issue of strike UVA design, Talley and Mavris52 pro-
posed some indexes to describe demand when considering
uncertainty brought by time of coverage, domain of coverage
and search interval time. These indexes are average attack time
of each task, number of aircraft required for each task, ﬂeet
operation cost of speciﬁc tasks, purchasing cost, etc.
Although these two examples are aimed at military aircraft,
it is still applicable for requirements deﬁnition of civilian air-
craft. Mane68 proposed indexes of direct operating costs and
the overall transportation network effectiveness on civil
aircraft effectiveness indexes design concerning uncertainty.
He also considered uncertainty due to market demand and
resource allocation.on of SoS architecture.58
nfolded hierarchy unifying lexicon.62
Fig. 13 Relationship between SoS hierarchy and effectiveness indexes.53
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indexes of ﬂight vehicle itself and effectiveness indexes of the
whole SoS from the above studies. The former one is the main
subject of SoSed design, but the latter one is getting more and
more importance, because it is necessary to connect the evalu-
ation of aircraft and its impact on SoS closely. For example, in
Joint Test and Evaluation Methodology (JTEM) Plan,69 the
U.S. Department of Defense proposed socialism, organization,
training, and some other attribute ﬁelds of SoS, speciallyFig. 14 Example of a hierarchical M&S environmenaimed at the research of capability, system effectiveness, and
SoS capability evaluation. It is important to note that descrip-
tion of system is ‘‘effectiveness’’, while description of SoS is
‘‘capability’’ in JTEM research. Compared with description
in Fig. 13, it shows that there is still no uniﬁed and standard-
ized lexicon in this ﬁeld.
Quality function deployment (QFD) is a common method
for indexes quantiﬁcation. It is a systematic mathematical pro-
cess used to translate the ‘‘voice of the customer’’ into thet for aircraft design and effectiveness evaluation.53
626 H. Liu et al.‘‘voice of the engineer’’, and ‘‘deployment’’ in QFD refers to
the process which converts matrix of demand results to indexes
of lower levels.70 QFD has been widely applied to the develop-
ment of products for the aerospace, automotive, electronics
and other industries.71–74 An example of QFD is shown in
Fig. 1572, which is made of one or more hierarchical house of
quality (HOQ) tools, while the HOQ has found a lot of appli-
cations in traditional design and tradeoff research.71,72 The
application of QFD is also worthy of paying attention to SoS
research. For example, Fiebrandt and Wilson69 applied QFD
to convert demand indexes into joint mission effectiveness in
JTEM plan. Biltgen53 also used QFD to decompose indexes
for the top-level strategic goals. It must be mentioned that
QFD is helpful to establish direct contact and quantization of
requirements, design features and other aspects, but in order
to further determine a reasonable and optimized indexes, the
process of design wheel as design concept, effectiveness analy-
sis, and trade study needs to go through. Certain design cycles
are also needed through mathematical analysis, M&S.
5. Designing concept in SoSed design
From such aspects as overall conﬁguration, component/system
design, and layout design the authors think that compared
with traditional ways, designing concepts in SoSed design basi-
cally stay unchanged. New challenges mainly come from
uncertainty and requirements of seriation design when facing
sizing problem, in other words, how to combine different mis-
sion sections and scenarios with traditional sizing method. For
this problem, there is no special literature containing related
research and elaboration, which deserves attention of
researchers.
Inverse design is another method worthy attention for
design parameters’ sizing, which is proposed by Biltgen in his
research of capability-based technology evaluation for SoS.53Fig. 15 Example of quality fuHe thinks that forward design is an ‘‘exploratory forecasting’’
method, while inverse design is a ‘‘normative forecasting’’
method. Forward design approach is used to assess the capa-
bility gaps of one or more systems and close the loop between
technology discovery and technology evaluation, while inverse
design approach is used to decompose capabilities into sys-
tems. Inverse design process is shown in Fig. 1653; central to
inverse design technique is the use of Monte Carlo simulations
to populate the design space with a large number of points and
a dynamic graphical visualization of the results. Using inverse
design technique, it is possible to highlight a desired capability
in relation to system of systems level metrics and identify
potential designs at the system and subsystem levels.
Obviously, it is very attractive to get the optimized design
automatically from capacity and effectiveness requirements,
but it is very hard to implement. Therefore, the authors believe
that inverse design is a kind of parameter sizing method based
on a large number of samples and constraints, and designers
can make better decisions in constraint space with this method.
Exploratory design offers a way to perform rapid parametric
trades using a brute force approach or one-variable-at-a-time
optimization, while inverse design uses probabilistic techniques
to partially automate the search for an elegant solution to the
same problem.
6. SoSed effectiveness evaluation
Traditional aircraft effectiveness evaluation methods include
analytic hierarchy process (AHP),75,76 index method77,78 and
some other methods. Most of them are mathematical models
based on experience or analysis. In SoSed design, effectiveness
evaluation needs to take into account not only more complex
relationship between systems, ﬂeet resources allocation prob-
lems, but also effectiveness of both ﬂight vehicle itself and
the overall SoS. In these cases, some mathematical methodsnction deployment (QFD).72
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subjects have also been applied. For example, Mane et al.79
proposed a mixed-integer and nonlinear method to solve trade-
off problem of ﬂeet allocation and new aircraft parameter
design. This method realized the target of minimum direct
operation cost in the whole ﬂeet SoS. However, when the ﬂeet
size increases to a certain extent, the traditional mixed-integer,
nonlinear programming approaches cannot obtain a solution,
Mane et al. further proposed MDO decomposition strategies
to ﬁnd solutions for these larger problems.
Most of SoSed effectiveness evaluation uses M&S-based
method. As Bociaga and Crossley57 said, simulation evalua-
tions have gone beyond just answering ‘‘what if’’ problem
statements, but can now be used to answer ‘‘how to’’ as well.
Similarly, according to research of Oden et al.80, simulation
‘‘can be used to explore new theories and to design new exper-
iments to test these theories’’ and ‘‘also provides a powerful
alternative to the techniques of experimental science and
observation when phenomena are not observable or when
measurements are impractical or too expensive’’. In fact,
M&S has been developed for many years as an independent
ﬁeld. Some methods have been introduced to SoSed design
and have played an important role in effectiveness evaluation.
The followings are several typical ones:
(1) Discrete event methodDiscrete event systems refer to
dynamic event-driven systems in which system state
changes by leaps and bounds, and system state only
changes at discrete time points, as well as the points
are generally uncertain.81 Discrete event systems mainly
describe time-driven dynamic systems in production,
manufacture, services, and some other ﬁelds, and they
may change at discrete time point and get value in
countable state space.82 Since the systems within SoS
are operationally independent, interactions between sys-
tems are generally asynchronous in nature. A simple yetFig. 16 Inverse drobust solution to handle such asynchronous interac-
tions (speciﬁcally, receiving messages) is to throw an
event at the receiving end to capture the messages from
single or multiple systems. Such system interactions can
be represented effectively as discrete event models.83,84
Flight vehicles’ SoSed operation has typical characteris-
tics of discrete event. A typical related research was
developed by Mittal and Martı´n Jr.,85 who proposed a
set of discrete event systems speciﬁcation (DEVS) simu-
lation framework based on discrete event method, and
applied it to the modeling of closed air support system
and UAV joint mission system.
(2) Artiﬁcial intelligence methodIn the research of design for
operation, Liu et al.86 proposed a virtual world descrip-
tion model. Agent is emphasized as one of the basic ele-
ments with objects, people and environment in this
model, for the reason that complexity of real problems
cannot get all the elements to be controlled by human.
Similarly, in SoS modeling, agent and its derivative
multi-agent method also play an important role. Agent
has the characteristics of autonomy, social and reactiv-
ity,45 which is able to well reﬂect the emergence and evo-
lution of SoS. Ranque et al.12 deﬁned each UAV as an
agent when investigating forest ﬁre monitoring and sal-
vage at sea with UAV ﬂeet in SoS environment. It is
important to note that the agent is not the only method
of artiﬁcial intelligence used in SoSed design. In
Biltgen’s research53, a cognitive model was developed to
describe behavior characteristics of FCSAMController
(Air defense controller that detects airborne targets,
calculates track information on the targets and conveys
the track information to a ﬁghter controller.),
FCAIRInterdiction (Air-to-ground attack aircraft that
can be vectored toward a geographic feature, a coordi-
nate, or a unit.) and some other elements, which also
belongs to the application of artiﬁcial intelligence.esign process.53
Fig. 17 Dimension coordinates in SoS problems.91
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most distinct differences between SoSed design and tra-
ditional design pattern as mentioned in the evaluation
indexes of SoS. For example, Talley and Mavris52 ana-
lyzed uncertainty factors from area, time, etc. in SoS
operation of UAV; Frommer56 focused on search scope,
distance and some other factors as uncertainty in his
research of maritime search and rescue. The larger an
SoS operation is, the more random factors there will
be. So uncertainty should be well concerned in M&S
for effectiveness evaluation. Monte Carlo method,
stochastic probability function and probability distribu-
tion function are commonly used in uncertainty model-
ing, and they have been applied in some research.7,56,68
This also shows the value of introducing multi-
disciplinary theories and methods for SoSed design.
(4) System dynamics methodSystem dynamics is a highly
visual method for modeling complex SoS.87 Its charac-
teristic is transferring traditional formulation data into
showing the model structure and how system elements
relate to each other. The method is suitable for forecast-
ing a long time inﬂuence of the whole SoS brought by
changes of a variable.88 Csala and Sgouridis89 used sys-
tem dynamics to model air transport SoS. They studied
the main factors inﬂuencing global air transport SoS and
effects of technology innovation for aviation industry
chain. Although direct applications of system dynamics
are rare in SoSed design, this method is good at estab-
lishing dynamic association between system elements
of SoS and the whole SoS, so the authors believe that
its potential application is worthy of attention.
(5) Complex network methodComplex network is a self-
organization, self-similar, attractor and small world;
some or all of its properties are in scale-free network.
Its structure is complex, node number is huge, and the
connections among its nodes will be generated or disap-
pear along with time past. The network will also
evolve.90 For network is also regarded as one of the
major characteristics of SoS39, it is a natural choice to
use complex network method in SoSed design.
DeLaurentis et al.91 used this method to handle the con-
nectivity problems of air transportation agent, making
the whole SoS have stronger robustness and scalability.
The ﬁve kinds of typical method above, along with
experience-based and analytic methods, provide many choices
for researchers of SoSed design. In order to provide some guid-
ance for selecting methods in different situations, DeLaurentis
et al.91 used three dimensions as systems type, control and
connectivity to build connection of critical dimension and
application ﬁeld for SoS problems (Fig. 17), then he classiﬁed
different problems to the resulting space to correspond with
different methods. Fig. 17 offers a representation of the taxon-
omy that illuminates variations in system type, control, and
connectivity within an SoS. A1, A2 respectively represent
two different coordinates on the axis of Control. C1, C2
respectively represent two different coordinates on the axis
of Connectivity. S1, S2 respectively represent two different
coordinates on the axis of System type. So A1C1 is the inter-
section of A1 and C1.
On the other hand, because characteristics of various M&S
methods are different, and SoS complexity often makes asingle method insufﬁcient to completely describe an SoS oper-
ation, an important trend of M&S is to composite several dif-
ferent methods. For example, DeLaurentis et al.92 composited
complex network with multi-agent model to solve air network
connectivity problem. Borshchev and Filippov93 compared
three major paradigms in simulation modeling: system dynam-
ics, discrete event and agent-based modeling with respect to
how they approach such systems that contain large numbers
of active objects and studied composition of the three model-
ing methods.
In order to support M&S more effectively in SoSed design,
some special software systems have been developed and these
software are signiﬁcantly different in size and function.
There are some relatively large M&S systems as joint synthetic
battlespace (JSB)94 and joint warfare system (JWARS),95 some
commercial systems as FLAMS,96 SEAS,97 STK,98 DWK,99
Eagles,100 and some ‘‘in-house’’ systems as ATMAS (Aircraft
Time Critical Target Mission Analysis Simulation)52 and
Netlogo.12 These software are not only helpful to effectiveness
analysis and evaluation, but also useful to trade study and
optimization. As every software has different functions and
goals and SoSed analysis method is in continuous development
and improvement, the authors do not think there is a profes-
sional M&S software which has central-standard position in
SoSed design (just like the status of CATIA in aviation indus-
try for computer aided design). Integrated application of dif-
ferent software should be a more reasonable way in SoSed
design according to available resources.
7. SoSed trade studies and optimization
7.1. Trade study
Trade study in conceptual design has always been a key step,
and some basic trade methods as sizing matrix and carepet
plot1,101 have been widely applied. As mentioned in Ref.101,
‘‘It will be necessary to conduct several parametric trade-off
studies to fully understand the various competing aspects of
the design’’. Trade study is also very important in the related
studies of SoSed design. Biltgen53 expounded the concept of
technology evaluation as ‘‘the assessment of the relative beneﬁt
of a proposed technology with respect to one or more
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basis of technology evaluation. Because only under the condi-
tion of massive parameter combinations and technology level
changing, can we evaluate the effect of a technology on SoS
effectiveness comprehensively and reasonably.
There are several kinds of typical technology evaluation
methods including technology development approach
(TDA),102 technology identiﬁcation evaluation and selection
(TIES)103 and quantitative technology assessment (QTA),104
etc. Exploratory analysis105,106 method which is proposed by
Rand Corporation is another trade method in dealing with
uncertainty problems. This method tries to understand and
ﬁnd the relationship between data variables beyond the com-
plex phenomenon to explore all possible results through study-
ing the result of various options in a large number of uncertain
conditions. In order to obtain quantitative trade results, M&S
method has been attached to attention and has found a lot of
application. Typical cases include Biltgen’s research7 of tech-
nology evaluation on long-range bombers and the research
of Bociaga and Crossley57 on studying the inﬂuence of ﬂeet
effectiveness by changing UAV quantities and performance
parameters.
In order to explore a feasible design in a wider range of
design space, generating a large number of samples based on
M&S technology becomes an effective way. But this will cause
two problems: one is tradeoff of large sample experiment and
computing resources and the other is decision-making with
large amounts of data. To solve the former problem, surrogate
model and design of experiment (DOE) are effective
approaches,107 which use analytical method or other models
to replace bottom simulation through the way of data ﬁtting.
With DOE to compress program space and scenario space,
they can also achieve the goal of reducing simulation running
times and saving time. Common methods used in surrogate
model are polynomial response surface108 and neuralFig. 18 Main effects wnetwork,109 etc. while in DOE are Latin hypercube, screening
or characterization experiments,53 etc.
The ultimate goal of tradeoff in SoSed design is to better
support designer’s decision-making, and this involves how to
demonstrate connections among the data more intuitively,
especially in the situation of ‘‘big data110,111 which is produced
by a large number of tradeoff. Aimed at this problem, Bociaga
and Crossley57 normalized four goals: operating cost, average
revisit time, maximum revisit time, acquisition cost in his
research on UAV design and tradeoff. They gave the corre-
sponding weight coefﬁcients to the four goals and ﬁnally got
the global objective function. The main effects with equal
weights generated from DOE are shown in Fig. 1857. This
can reﬂect the effects of design parameters directly on global
goal and help to ﬁnd out the optimal design point.
A similar approach is in Biltgen’s research53 on capability-
based technology evaluation. He used Pareto chart to describe
the multivariable coordinate diagram of aircraft technical
parameters, as shown in Fig. 19. The multivariate plot
shows the correlation between the corridor choices and
aircraft/engine design variables by color-coding different corri-
dors selected. This intuitive data correlation chart enables
decision-makers to ﬁnd the most important variable factor
that has an inﬂuence on the global state.
7.2. Optimization
The impact of various design parameters on effectiveness and
capability can be obtained through trade studies, and this is a
kind of optimization in itself. Of course, traditional optimiza-
tion refers to a kind of automation process, but the complexity
of SoS operation brings challenges to automotive optimiza-
tion. However, it is actually not impossible. Purdue
University’s work3,17,79,91,92,112,113 on civil aircraft and air
transport network is a typical attempt. Researchers asith equal weights.57
Fig. 19 Multivariate plot.53
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on SoS analysis, concept design, allocation of ﬂeet resources
and multi-objective/multidisciplinary optimization. In opti-
mization of SoSed design, the authors think the following
three aspects to be noted:
(1) Difference between SoS optimization in traditional
national defense area and optimization in SoSed
design. Typical traditional objects include SoS’s capa-
bility structure, composed structure, and structure
scale.114 For example, Holmes et al.115 established 54
kinds of SoS architecture program and 3 kinds of typ-
ical operation scenarios to evaluate and optimize SoSarchitecture program on the purchasing issues of US
maritime dominance in the littorals. Though SoSed
design focuses on the impact of different elements
on an SoS, the key point of the optimization is still
the ﬂight vehicle or its ﬂeet.
(2) Challenges brought by the uncertainties and application
of seriation design/ﬂeet. As mentioned by Talley and
Mavris,52 although it is possible to optimize a ﬂeet in
a very speciﬁc mission, any changes will affect the whole
capability in SoS operation. His view is that in
uncertainty environment, the optimization goal is to
determine the most robust ﬂeet, rather than searching
for the optimal ﬂeet. The change of optimization goal
System of systems oriented ﬂight vehicle conceptual design: Perspectives and progresses 631will have an impact on the selection of optimal variables
and constraints, application of optimization algorithm
and strategy.
(3) Relationship between SoSed design optimization and
MDO. These two directions have some similarities at
the starting point: SoSed design optimization tends to
focus on the optimization of the overall effectiveness,
rather than one system or serval systems in SoS; MDO
focuses on the overall optimization of system, rather
than optimization of a single discipline. With regard to
the optimization method and strategy, some methods
as surrogate model, DOE and genetic algorithm are
widely used in MDO related research.116 These methods
are also used in analysis and optimization of SoSed
design. With the development of MDO, some optimiza-
tion strategies such as collaborative optimization
(CO),117 concurrent subspace optimization (CSSO),118
and bi-level integrated system synthesis (BLISS)119 are
proposed and they are also considered in the optimiza-
tion of SoSed design. For example, Kim and
Hidalgo120 adopted multi-hierarchy and multi-stage
methods to solve SoS optimization problems. This
method connects system design with system conﬁgura-
tion closely considering hierarchy characteristics and
evolutionary characteristics of SoS. These similarities
mean that references from MDO methods will help to
further develop optimization in SoSed design.
8. Conclusions and prospective directions
Through the review of SoS concepts, SoSed design process and
the related main elements studies, it can be seen that SoSed
design is deﬁnitely not going to take place of the existing
design ways, but it indeed brings a more comprehensive per-
spective and a new design mode for ﬂight vehicle conceptual
design. SoSed design helps designers to have more close and
comprehensive understanding about demands in design pro-
cess, and it also provides a support for development of more
optimized ﬂight vehicles which are applicable for the actual
operation environment.
SoSed design is still a very ‘‘young’’ ﬁeld and there are a
large number of complex issues, so it provides a broad space
to research and exploration of new philosophy, concept, the-
ory, method and technology. In addition to the former studies
mentioned above, the following ﬁve directions are worthy of
attention in this ﬁeld:
(1) Proactive investigation on concept of
operationsCompared with the traditional effectiveness
evaluation which focuses on individual mission, SoSed
design pays more attention to ﬂying vehicles’ effective-
ness in complex operation environment and its contribu-
tion to SoS effectiveness. Therefore, designer should
change passive design mode which means waiting for
users to propose design requirements and should be
more proactive in investigating possible concept of oper-
ations and interacting with users. By this means, not
only more reasonable requirements could be obtained,
but also some new design ideas could be motivated.(2) Formulation of SoSed design processAlthough this
paper introduces some processes that are proposed
according to some speciﬁc problems in design, they are
not systematic and lack discussion on how to combine
SoSed design with traditional process. Therefore, a more
systematic, standard SoSed design process is needed to
be formed, so that it can play a guiding role in the
research and development of ﬂight vehicle SoSed design
for academia and industry.
(3) Innovation of M&S methodsM&S has become a crucial
approach in SoSed design, and the complexity of SoS
means that innovative M&S still needs to be explored
constantly, then different characteristics of SoS can be
well studied in a more comprehensive and profound
way. On the one hand, new methods and strategies are
needed to be developed through the cross of different
disciplines and ﬁelds from a broader vision. On the other
hand, researchers are also required to explore and dis-
cover the nature of SoS, derive new modeling idea and
theory.
(4) Tradeoff and decision-making support based on big
dataSoSed design involves complexity of operation envi-
ronment, large numbers of systems and uncertain fac-
tors, so it will produce large amounts of data in whole
process of ‘‘design wheel’’. If lacking effective methods,
these data cannot bring valuable guidance. On the con-
trary, they may even make designers get lost. Therefore,
it is necessary to draw lessons from big data theory
which is currently fast developed in information and
management ﬁeld, and develop tradeoff and decision-
making support methods which is suitable for SoSed
design. This will help designers to explore rules and
mechanisms from big data, and then better understand
and develop design concepts which are suitable for an
SoS.
(5) Development of integration platform for SoSed
designThe method of SoSed design must be realized
in the process of ﬂight vehicle research and develop-
ment, which requires efﬁcient and reliable software
tool to convert them into a part of daily work of
designers. Nowadays there are a lot of computer aided
ﬂight vehicle design systems and M&S tools, so SoSed
design software platform must integrate with them
according to the process and different levels. This
SoSed design integration platform will not be unique,
but the characteristics of integration and openness are
what a valuable platform should have. Because theo-
ries and methods of SoSed design is in constant
development, only with these characteristics can a
platform help to validate new theories and methods,
as well as transfer them to engineering practice more
efﬁciently.
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